We investigated ethnicity-specific exonic variants of type 2 diabetes (T2D) and its related clinical phenotypes in an East Asian population. We performed whole-exome sequencing in 917 T2D case and control subjects, and the findings were validated by exome array genotyping in 3,026 participants. In silico replication was conducted for seven nonsynonymous variants in an additional 13,122 participants. Single-variant and gene-based association tests for T2D were analyzed. A total of 728,838 variants were identified by whole-exome sequencing. Among nonsynonymous variants, PAX4 Arg192His increased risk of T2D and GLP1R Arg131Gln decreased risk of T2D in genome-wide significance (odds ratio [OR] 1.48, P = 4.47 3 10 216 and OR 0.84, P = 3.55 3 10 28
, respectively). Another variant at PAX4 192 codon Arg192Ser was nominally associated with T2D (OR 1.62, P = 5.18 3 10 24 ). In T2D patients, PAX4 Arg192His was associated with earlier age at diagnosis, and GLP1R Arg131Gln was associated with decreased risk of cardiovascular disease. In control subjects without diabetes, the PAX4 Arg192His was associated with higher fasting glucose and GLP1R Arg131Gln was associated with lower fasting glucose and HbA 1c level. Gene-based analysis revealed that SLC30A8 was most significantly associated with decreased risk of T2D (P = 1.0 3 10 24 ). In summary, we have identified nonsynonymous variants associated with risk of T2D and related phenotypes in Koreans.
It has been recognized that there are differences in clinical characteristics of type 2 diabetes (T2D) between East Asians and Europeans (1) . East Asian patients with T2D
tend to have relatively lower BMI, earlier age at diagnosis, and decreased insulin secretion (2, 3) . In Europeans, it is widely accepted that obesity and the resulting increased insulin resistance play a crucial role in the pathophysiology (4) . In contrast, East Asians have b-cell dysfunction that precedes the development of diabetes and their b-cell compensation is limited (3) . It has been suggested that these differences could be the result of both genetic and environmental factors specific to each population. Genetic variations may influence the ethnicity-specific clinical characteristics of T2D in several ways. There are common variants that exert heterogeneous allelic effects according to ethnic group (5) . In addition, the haplotype structure of certain risk loci and variant allele frequency are different among populations (6, 7) . Although previous common variant genome-wide association studies were successful in identifying more than 100 genetic risk loci of T2D, there were limitations to investigating ethnicityspecific variants. Advances in genome sequencing technologies have enabled us to investigate rare coding variants that are specific to a population. A recent large-scale collaborative study identified a number of rare coding variants of T2D (8) . It was shown that rare variants had a limited role in the overall predisposition to T2D. Still, a significant proportion of rare coding variants are restricted to closely related populations (9) , and there are reports that isolated populations could be useful for identifying rare functional variants of common complex disorders (10) . It would be of interest to investigate ethnicity-specific coding variants that predispose to T2D and affect related clinical phenotypes in East Asians.
In this study, we investigated coding variants that are associated with risk of T2D in 3,943 Korean case and control subjects using whole-exome sequencing and exome array genotyping. The findings were validated by in silico replication in an additional 13,122 case and control subjects. We also investigated how these variants are related to T2D-related phenotypes in Koreans.
RESEARCH DESIGN AND METHODS

Study Participants
This was a three-staged case-control study, with stage 1 whole-exome sequencing involving 917 participants (619 T2D case subjects and 298 control subjects without diabetes), stage 2 exome array genotyping in 3,026 participants (2,013 case and 1,013 control subjects), and stage 3 in silico replication for seven nonsynonymous variants in 13,122 participants (5,218 case and 7,904 control subjects) from the Korean population. The overall study design, including the number of participants in each stage and variants analyzed, is shown in Fig. 1 . The clinical characteristics of the stage 1 and 2 study participants are shown in Table 1, and those of stage 3 participants are  shown in Supplementary Table 1. T2D patients of stage  1 and 2 analyses were enrolled from Seoul National University Hospital between January 2001 and September 2014. T2D was diagnosed according to the recent American Diabetes Association guidelines (11). T2D case subjects were preferentially enrolled if there were any first-degree relatives with T2D. Control subjects of stage 1 and 2 were enrolled if they were aged $60 years, had a fasting glucose ,100 mg/dL, had an HbA 1c ,6.0%, and had no firstdegree relatives with T2D. Inclusion criteria for each study comprising the stage 3 replication are shown in Supplementary Table 1 . The institutional review board of the Biomedical Research Institute at Seoul National University Hospital approved the study protocol (1205-130-411), and written informed consent was obtained from each participant. All clinical investigations were conducted according to the Declaration of Helsinki.
Stage 1: Whole-Exome Sequencing
A total of 917 samples were used for stage 1 whole-exome sequencing. Whole-exome sequencing was performed as previously described (12) . In brief, genomic DNA was used for exome capture using Agilent SureSelect v4+UTR, and massive parallel sequencing was performed using Illumina HiSeq 2000 sequencing system by Macrogen, Inc. (Seoul, Republic of Korea). The minimum average depth of coverage for target region was 803. Sequence reads were aligned to the human reference genome (GRCh37) and processed using BWA (13), Picard (http://broadinstitute .github.io/picard/), and Genome Analysis Toolkit software (14) . Variants were called using multisample HaplotypeCaller of Genome Analysis Toolkit (14) . The summary statistics of sequence read output are displayed in Supplementary Table 2 . The number of total variants and per individual average counts of the variants in the sequenced subjects are displayed in Supplementary Tables  3 and 4 . The variant quality-control measures of transitionto-transversion ratio and heterozygous-to-homozygous ratio are summarized in Supplementary Table 5 . Among the stage 1 samples, DNA was available from 858 participants for further common variant analysis using either GenomeWide Human SNP Array 5.0 (Affymetrix, Santa Clara, CA) (N = 504) or Axiom Biobank Plus Genotyping Array (Affymetrix) (N = 354). Data from the two arrays were merged for further analysis after excluding variants with a significant difference in missingness (P , 1.0 3 10 23 ). 
Single-Variant Association Test
The statistical power of this study was estimated for single variants with a genetic power calculator (http://zzz.bwh .harvard.edu/gpc), assuming T2D prevalence of 10%, risk allele frequency 5%, and genome-wide significance of a , 5.0 3 10 28 in a 2 degrees of freedom additive genetic model (16) . For variants with odds ratios (ORs) of 1.3 and 1.4, this study had a power of 79.3% and 99.7%, respectively. Single-variant association testing for T2D was performed with EPACTS software (http://genome.sph.umich .edu/wiki/EPACTS). Throughout the article, alternative Figure 1 -The overall study design, including the number of participants in each stage and variants analyzed. This was a three-staged casecontrol study with stage 1 whole-exome sequencing involving 917 participants, stage 2 exome array genotyping in 3,026 participants, and stage 3 in silico replication for seven nonsynonymous variants in 13,122 participants. GWAS, genome-wide association study; SKAT, sequence kernel association test; VT, variable threshold method.
alleles are reported as effect alleles. Hardy-Weinberg equilibrium was tested as implemented in EPACTS, and markers with significant deviation (P , 1.0 3 10 26 ) were excluded from the analysis. The Firth bias-corrected logistic likelihood ratio model (17) was used with covariates of age, sex, and four principal components to adjust for population stratification. Principal components were estimated with linkage disequilibrium-pruned (r 2 ,0.2) exome array variants with a minor allele frequency (MAF) of 5%. The stage 1, 2, and 3 results were metaanalyzed using METAL software with an inverse-varianceweighted fixed-effects model (18) . The threshold for genome-wide significant association was set as P , 5.0 3 10 28 . Glycemic traits were analyzed in participants without diabetes of the KARE cohort (N = 7,516). The associations between genetic variants and fasting glucose, 1-h and 2-h glucose of 75-g oral glucose tolerance test, fasting insulin, and HbA 1c were analyzed using linear regression adjusted for age and sex, assuming additive genetic model. Continuous variables were inverse normal transformed before analysis. Further genetic association with risk of cardiovascular disease (CVD) in T2D case subjects was performed in a subset of Seoul National University Hospital participants (N = 1,496). Information on previous history of CVD was collected by patient report and review of medical records. CVD events included stable or unstable angina, myocardial infarction, history of percutaneous coronary intervention, coronary artery bypass surgery, and ischemic or hemorrhage stroke. Participants with any of the above events were categorized as CVD case subjects and those without were classified as non-CVD control subjects. The clinical characteristics of participants analyzed for CVD events are shown in Supplementary Table 6 . Genetic association testing was performed using logistic regression with adjustment for age and sex.
Gene-Based Association Test
A gene-based analysis was performed with RAREMETAL software in 3,943 participants of stage 1 and 2 results (19) . Variants were annotated using ANNOVAR software (20) . Variants predicted to result in protein truncation (stop gain or loss, frameshift, essential splice site) or nonsynonymous variants with a MAF ,0.01 were used for genebased tests. Four gene-based burden tests, which included the Madsen-Browning method (21), the combined multivariate and collapsing method (22) , the variable threshold method (23) , and the sequence kernel association test (24), were performed using the whole-exome sequence data from the stage 1 analysis and the imputed genotype data from the stage 2 analysis. A meta-analysis of the stage 1 and 2 results was performed as implemented in the RAREMETAL software.
A gene-based test by aggregating coding variants was performed for 28 genes that are implicated in monogenic diabetes, such as maturity-onset diabetes of the young and neonatal diabetes (Supplementary Table 7 ) (8) . Variants were grouped into three masks: mask 1, variants annotated as high-confidence disease-causing mutation in the Human Gene Mutation Database (HGMD) or protein-truncating variants; mask 2, mask 1 plus variants annotated to be deleterious in all five prediction models of PolyPhen2-HumDiv, Supplementary Fig. 1 . Four common noncoding variants in previously established loci, namely CDKAL1, CDKN2A/ 2B, KCNQ1, and MAEA, were confirmed to be associated with T2D at genome-wide significance (Supplementary Table 8 ).
Among the nonsynonymous variants, seven had an association with T2D with the predefined arbitrary significance threshold of P , 1.0 3 10 24 after stage 1 and 2 meta-analysis (Table 2 ). These variants were further investigated by in silico data look-up in an additional 13,122 participants in the stage 3 replication analysis (Supplementary Table 9 ). Four variants reached nominal significance of P , 0.05 in stage 3 analysis as shown in Table 2 . Among these, two variants (PAX4 Arg192His [rs2233580] and GLP1R Arg131Gln [rs3765467]) reached genome-wide significance of P , 5.0 3 10
28
. These two variants were common nonsynonymous variants with a MAF of 0.086 and 0.211, respectively, in Koreans. According to the 1000 Genomes Project database, they were also common in Han Chinese in Beijing (MAF of 0.093 and 0.218, respectively) and Japanese in Tokyo (MAF of 0.089 and 0.197, respectively) (9). However, these variants were absent or rare in Europeans (MAF ,0.001). We further investigated the genetic association of 21 coding variants that were previously confirmed to be associated with T2D in Europeans (8) using our stage 1 and 2 participants (Supplementary Table 10 ). Although most of the associated variants showed directional consistency, we found that eight variants were monomorphic in our population. 
PAX4 Amino Acid Variation
Among the nonsynonymous variants, the PAX4 Arg192His variant (chr7:127253550, rs2233580, effect allele T) was most significantly associated with increased risk of T2D in Koreans, with an OR of 1.48 (95% CI 1.35-1.63, P = 4.47 3 10 216 ). This Arg192His variant (T allele) was associated with increased fasting glucose and 1-h glucose in 7,516 control subjects without diabetes, as shown in Table 3 (P , 0.05). T2D participants harboring this variant had a significantly younger age at diagnosis and lower C-peptide levels (P , 0.05) (Supplementary (Table 4 ).
GLP1R Amino Acid Variation
A nonsynonymous variant in GLP1R Arg131Gln (chr6: 39033595, rs3765467, effect allele A) was significantly associated with decreased risk of T2D (OR 0.84, 95% CI 0.80-0.90, P = 3.55 3 10 28 ). The Arg131Gln variant (A allele) was also associated with decreased fasting glucose, 1-h and 2-h glucose, and decreased HbA 1c in control subjects without diabetes (P , 0.05), as shown in Table 3 . We further investigated whether this variant was associated with risk of CVD. In a subset of 1,496 T2D case subjects among stage 1 and 2 participants, this variant was nominally associated with decreased risk of CVD (OR 0.77, 95% CI 0.59-0.99, P = 0.041) (Table 5 ). Finally, gene-based association test using rare nonsynonymous variants showed that GLP1R was nominally associated with decreased risk of T2D according to Madsen-Browning weighted sum statistics method (effect = 20.0013, P = 0.039).
Gene-Based Associations
We investigated gene-based associations with T2D using four statistical methods implemented in RAREMETAL ( Table 6 ). None of the genes were associated with T2D at exome-wide significance threshold (P , 2.5 3 10
26
). However, SLC30A8 was most significantly associated with decreased risk of T2D according to Madsen-Browning weighted sum statistics method (P = 1.00 3 10 24 ). There were five rare nonsynonymous variants in this gene that were preferentially observed in control subjects without diabetes. Other genes that had suggestive association with the predefined arbitrary threshold of P , 1.0 3 10
23
included DOCK9, PPAPDC1B, TMEM62, NUCB1, IAH1, and RAPGEF4 (EPAC2). We further investigated the enrichment of rare deleterious variants in genes implicated in monogenic forms of diabetes. A total of 28 genes known to cause monogenic diabetes were included for analysis (8) (Supplementary  Table 7 ). Logistic regression analysis using a collapsing burden method revealed that the effect size increased as more stringent criteria for functionality were used and as the MAF cutoff was decreased (Supplementary Fig. 2 ). For example, when variants were limited to HGMD diseasecausing mutations or protein-truncating variants with MAF ,0.001, they were significantly associated with T2D, with an OR of 2.81 (95% CI 1.08-7.29, P = 0.042).
DISCUSSION
Using combined whole-exome sequencing, exome array genotyping, and in silico replication in a total of 17,065 Korean T2D case and control subjects, we confirmed that two nonsynonymous variants, PAX4 Arg192His and GLP1R Arg131Gln, were significantly associated with T2D in the Korean population. We also found that PAX4 Arg192Ser, another amino acid variant of PAX4, was associated with the risk of T2D. The combination of the two PAX4 192 codon variants was a strong genetic risk factor for T2D in Koreans. It was interesting to identify a nonsynonymous GLP1R Arg131Gln variant to be associated with decreased risk of T2D. This variant was also associated with decreased glucose concentration and protection from CVD. Gene-based testing also confirmed previous association results that rare nonsynonymous variants in SLC30A8 were associated with protection from T2D. To the best of our knowledge, this is the first study in East Asians that used whole-exome sequencing, customized exome array genotyping, and in OR and P values are from logistic regression analysis adjusting for age and sex. Participants with Arg/Arg were used as the reference.
silico replication to investigate the association of nonsynonymous variants with T2D. One of the major aims of this study was to identify variants that were specific to Koreans and investigate their association with T2D. The sequencing was performed with high quality, with average depth of coverage .803 for each sample. Using whole-exome sequencing, we identified 232,355 novel single nucleotide variations and 26,108 novel insertion-deletions that were not captured in the database of Short Genetic Variations (dbSNP147) (Supplementary Table 3 ). All seven nonsynonymous variants listed in Table 2 were common, with a MAF $0.05 in East Asians. However, five of these were rare or even absent in Europeans. For example, the frequency of the PAX4 Arg192His variant was 0.086 in Koreans but was absent in Europeans. The variant frequency of GLP1R Arg131Gln was 0.211 in Koreans compared with 0.001 in Europeans. In addition, among the previously confirmed 21 coding variants that reached genome-wide significance in Europeans, 8 were monomorphic in East Asians. This suggests that the MAF of nonsynonymous variants is quite different among different populations and that associations between nonsynonymous variants and T2D could be population specific. These findings support previous observations of genetic heterogeneity between different ethnic groups, especially for coding variants. Therefore, it would be important to investigate ethnicity-specific genetic variations in order to translate genetic information into clinical practice.
The association between PAX4 Arg192His variants and T2D was previously reported (8) . We expanded upon this finding by identifying that amino acid variations of the 192 codon determine the risk of T2D and the clinical characteristics of T2D in Koreans. Having one copy of the Arg192His variant was associated with a 1.4-year earlier onset of diabetes. Having two copies of the variant was associated with a 7.0-year earlier onset. This variant was associated with decreased C-peptide levels in T2D participants. One of the novel findings of this study was that another variant that resulted in PAX4 Arg192Ser was also associated with T2D, with at least nominal significance (P = 5.18 3 10 24 ). This variant was in low frequency and specific to East Asians. The effect size of the two variants was similar, and the amino acid combinations were a strong risk factor for T2D. The PAX4 gene encodes paired box 4, which is a transcription factor that plays crucial role in pancreatic islet development and b-cell differentiation (26) . It also represses glucagon gene expression (27) . Rare mutations in PAX4 have been reported to cause monogenic diabetes in South Asians (28). Our study suggests that PAX4 Arg192His variant increases the predisposition to early-onset T2D rather than causing monogenic diabetes. However, the detailed mechanism of how this variant increases the risk of T2D is largely unknown and further functional investigations are warranted.
We have identified an ethnicity-specific common nonsynonymous variant in GLP1R that is associated with protection from T2D, lower glucose concentration, and (34) . This could be attributable, at least in part, to the genetic effect of the Arg131Gln, which is common in East Asians. This variant is very rare in Europeans, with a MAF = 0.001. However, it has been reported that a low-frequency variant (Ala316Thr, rs10305492) in GLP1R in Europeans was associated with decreased fasting glucose, decreased risk of T2D, and CVD (35) . These lines of evidence consistently support that a nonsynonymous variant in GLP1R is significantly associated with risk of T2D and CVD. Gene-based testing could be used to identify potential drug targets for diabetes. We confirmed the previous finding that rare coding variants of SLC30A8, in aggregate, are associated with a lower risk of T2D (36). It is plausible that a novel therapeutic agent that impairs SLC30A8 function might have a protective role in T2D. Another gene of potential interest was RAPGEF4, also known as EPAC2. In gene-based testing, rare functional variants of this gene were associated with an increased risk of T2D. EPAC2 is involved in cAMP-mediated signal transduction in pancreatic b-cells and directly interacts with sulfonylureas (37) . It is expected that an EPAC2 agonist could stimulate insulin secretion in a glucose-dependent manner (38) .
There were several limitations to this study. First, the sample size was modest for a whole-exome sequencing study. We had limited statistical power to identify rare variants associated with T2D and most of the significant findings were in common variants. The results of our findings should be interpreted cautiously, and the possibility of both type 1 and type 2 error should be considered. Second, the stage 2 samples were genotyped for selected coding variants, and stage 3 in silico replication was done for only seven variants. It could be possible that a number of variants might not have passed the criteria to be carried on for stage 2 and 3 investigations. In addition, lowfrequency or rare variants might not have been genotyped correctly in the genotyping array. Third, there was an imbalance in the number of case and control subjects for stage 1 and 2 analyses. We sequenced and genotyped more case than control subjects. This might have also influenced the statistical power.
In conclusion, using whole-exome sequencing, exome array genotyping, and in silico replication, we have identified that amino acid variations in PAX4 and GLP1R are important genetic risk factors for T2D in Koreans. The PAX4 Arg192His variant was associated with decreased C-peptide and younger age at diagnosis in T2D patients. A common nonsynonymous GLP1R Arg131Gln variant was associated with decreased risk of T2D, lower glucose concentration, and protection from CVD. This ethnicityspecific genomic information could be used to accelerate the realization of precision medicine in T2D. K., T.P., K.K., and J.-.I.K. provided advice on study design and statistical analyses. K.S.P. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
